We report analysis of VRIJH photometry, and phase-resolved optical spectroscopy of the eclipsing DA white dwarf plus dMe dwarf binary QS Vir. Modeling of the photometric data yields an inclination of i = 74.9±0.6 and a mass ratio of q = M 2 /M 1 = 0.50±0.05. Our Doppler maps indicate the presence of material in the Roche lobe of the white dwarf, at a location near the M star, likely due to accretion from the stellar wind of the M star (as opposed to Roche-lobe overflow accretion). We also constructed images of the brightness distribution of the M star at different epochs which reveal the location of two stable active regions.
Introduction
The progenitors of close binary stars with a white dwarf as primary (i.e., more massive) component are thought to be initially wide detached binaries. In the course of its nuclear evolution, the more massive star expands first. If the separation is sufficiently small, this will yield a Common Envelope configuration, where both the remaining core of the more massive star and its lower mass companion revolve around each other within the expelled material from the primary. Responding to the enhanced angular momentum loss due to friction, the separation between the two stars decreases, and when the envelope material is expelled as a planetary nebula, the aforementioned close binary emerges. Such systems are known as post common envelope binaries (PCEB).
Angular momentum is continuously lost via gravitational radiation and via a magnetically confined stellar wind from the main sequence star component (magnetic braking). As a result, the orbital period (and the binary separation) decreases with time, until the lower mass dwarf eventually fills its Roche lobe. Mass transfer then starts through the inner Lagrangian point (L1) of the binary, dumping material onto the white dwarf (WD) via an accretion disk or the magnetic field lines of the white dwarf. When the dwarf is a K/M star, those systems are known as cataclysmic variables (CV) 1 . The orbital period (and the binary separation) at which first contact occurs depends strongly on the radius/mass of the low mass main sequence star (secondary) and on the mass of the WD (primary). If the time required for the secondary star of a PCEB to come into contact with its Roche lobe is shorter than the Hubble time (∼ 10Gyr) the system is called a pre-CV (Schreiber & Gänsicke 2003) .
1 For a comprehensive description of CVs the reader is referred to Hellier (2001) and QS Vir (or EC 13471-1258) is an eclipsing WD+M dwarf binary system, discovered in the Edinburgh-Cape Blue Object Survey (Stobie et al. 1997) . Kawka et al. (2002) and O'Donognue et al. (2003, hereafter DOD03) provided an extensive study of the system, combining photometric monitoring, time-resolved spectroscopy, and (in the latter case)
UV spectra. By measuring the rotational velocity of the WD DOD03 shown that it is consistent with that of accreting CV primaries (Szkody & Mateo 1986) . Therefore, they
proposed that the system is not a pre-CV, but instead a hibernating CV; i.e. a former CV that became detached as the consequence of a nova eruption (Prialnik & Shara 1986; Shara et al. 1986 ). Their photometric monitoring for over 10 years revealed small orbital period deviations from a linear ephemeris which they suggest is a result of random variation in the orbital period of the system, possibly caused by activity on the M secondary. A number of optical flares were observed, confirming that the M star is magnetically active.
Phase-resolved optical spectra suggested that low level accretion is actually taking place in the system.
We present here additional time-resolved blue spectra of the system using the RC Spectrograph at the CTIO 4.0m Blanco Telescope and Echelle spectra taken with the VLT, as well as recent near-infrared photometric data acquired with the Brazilian 1.6m Perking & Elmer telescope at Pico dos Dias. We also analyze the R and V(RI)c light curves of Kawka et al. (2002) and DOD03. We use a light curve inversion method and Doppler tomography to explore the active regions on the M star, providing a pictorial guide to their location and evolution. This paper is organized as follows. In section 2 we present data acquisition and reduction procedures, while in section 3 we report the results from the analysis of the data with the different tools. We follow with a discussion of the combined analysis and a comparison with previous results in section 4. Final remarks conclude our paper in section 5. et al. 2006) . The sky was patchy at the night of the observation and the humidity was very high, interrupting the observations before completion of a full orbit. Fast wind was also blowing at the dome, tilting the telescope in some cases. A log summarizing the observations is presented in Table 1 .
In order to avoid cycle to cycle brightness variations (very common in QS Vir, DOD03) the photometry was performed in a quasi-simultaneous mode, alternating between J and H filters after each dithering sequence. Data reduction was performed with CIRRED/IRAF 2 .
The non-linearity, inherent to all reversed polarized semiconductor detectors, was corrected using the task IRLINCOR with the linear coefficient provided by Justiniano (2004) . A mask for bad pixels was constructed using a normalized median of flat-field images. Sky level and dark frame subtraction as well as flat-field division and bad pixel mask corrections were applied to each frame.
Aperture photometry was then extracted for the target star and 5 other nearby field stars, with the brighter field star being used as a reference star for differential photometry.
This procedure minimizes the effects of sky transparency variations along the night and 2 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
is particularly useful for non-photometric nights -such as that of our observations. In order to keep track of the changing position of the stars in the field due to the dithering procedure, we have used the task IMMATCH/CTIO. The relative magnitude of the target was converted to absolute flux (in mJy) using the absolute magnitude of the reference star together with zero point constants provided by the 2MASS project (Skrutskie et al. 2006) .
The data was phase-folded according to the mid-eclipse ephemeris of DOD03, T mid (E) = HJD 2 448 689.64062 + 0.150757525 · E
where E is the eclipse cycle.
Spectroscopic Observations
Most of our spectroscopic observations were obtained with the RC Spectrograph on the CTIO 4-m Blanco telescope on 2007 March 20. We obtained 46 spectra using the KPGL3 grating, yielding a spectral range from 3800-7500Å at 1.2Å/pixel, which provided a resolution of ∼3Å. A log of our observations is included in Table 1 . For detector calibrations, we used the standard IRAF procedures, and for data reductions we used IRAF's ONEDSPEC/TWODSPEC packages. Due to non-photometric conditions (some passing clouds) we did not obtain spectroscopic standards, therefore our data are not flux calibrated. Example spectra are presented in Fig. 3 .
The Echelle spectrum was taken as a 30 min exposure on 2007 August 16 with UVES at UT1, ESO-Paranal. The DIC2 mode was used with cross-dispersers #2 and #4 and central wavelengths 3900Å and 7600Å. Reduction of the data was performed using the Gasgano interface with the ESO/UVES pipeline scripts. This included Bias subtraction, flat-fielding, wavelength calibration, and the correction for the instrumental response function and atmospheric extinction using flux standard LTT 7987. The output consists of three spectra with useful data in wavelength ranges 3800-4510Å, 5720-7480Å, and 7700-9430Å, respectively. The spectra have slightly different resolving powers around R ∼ 70 000.
3. Data analysis and discussion
Photometry
The V(RI) c data of DOD03 (see their Table 6 ) consist of four consecutive nights of observations in 1993. We will refer to the different sets of light curves from HJD 2 449 161 to 2 449 164 as JD1 to JD4, respectively 3 and to our NIR light curves of HJD 2 454 544
(from 2008) as JD7. In addition, the R data from Kawka et al. (2002) consist of 2 cycles separated by approximately 3 days and will be referred to as JD5 and JD6. In Fig. 1 we present our JH light curves and the JD2 V(RI) c data set from DOD03 together with a model fit to the data. Fig. 1 shows that the eclipse of the WD (primary) becomes shallower and the ellipsoidal modulations of the secondary more pronounced with increasing wavelength, i.e., the contribution of the cool secondary becomes more important than that of the compact hotter primary at longer wavelengths. In order to probe the photometry for information on the system components we have applied a light curve synthesis code similar to the Wilson & Devinney (1971) code. For a detailed description of our procedure see Ribeiro et al. (2007) .
In short, we assume that the surface of the secondary star is given by one gravitational equipotential within its Roche lobe and we modify its radiation field to account for gravityand limb-darkening effects. Because the primary is assumed to be a point-like source its ingress/egress features (partial eclipse phases) are not modeled.
As a starting point to the fitting procedure, we estimated the WD flux F 1 at each wavelength from the depth of the eclipses and assumed that F 1 is constant throughout the orbit. We also obtained an initial estimate of the M star flux F 2 at each wavelength from the average flux during eclipse. The best-fit solution is obtained by an algorithm that searches for the set of parameters which minimizes the normalized χ 2 constraint function,
where F o (φ) and F m (φ) are the observed and modeled fluxes at phase φ, respectively, N is the number of points in the light curve and σ o (φ) is the flux error at phase φ.
The light curves are fitted simultaneously for a single set of q, i and r 2 4 values. Since the relative contribution of each star changes with wavelength, we adjusted F 1 and F 2 , the contributions of the WD and secondary respectively, accordingly in each data set. The resulting parameters (and corresponding χ 2 values) are listed in Table 2 and were used to produce the model light curves of Fig. 1 . The values listed in Table 2 However, the resulting χ 2 ( 2) for the fit to the V(RI) c data is somewhat higher than expected for a good fit ( They are apparently larger for the JD1 and JD3 data and clearly larger for JD5 and JD6.
We checked whether the shape of the JD2 residual curve is a consequence of a wrong choice of system parameters. Given the symmetric shape of the ellipsoidal modulations, wrong values of orbital parameters (i, q and r 2 ) or stellar component flux (F 1 and F 2 ) would produce systematic residual peaks at quadrature (orbital parameters) or conjunction (component flux). The observed residuals are different from both predictions. Alternatively, a small error in binary phase (say, δφ ∼ 0.02) could qualitatively explain the observed residuals. However, the amount of phase shift required to explain the residuals would result in a perceptible displacement of the sharp primary eclipses, which is also not observed.
Therefore, the inferred systematic, phase-dependent residuals in the light curves seem to reflect intrinsic deviations from uniformity in the surface brightness distribution of the secondary star. We will return to this point later in the paper. We adopted the system parameters derived from the analysis of the JD2 plus JD7 light curves (which are flux calibrated) to compute the residuals of the JD5 and JD6 data.
In Table 2 we list the flux for each component of the system in each filter. We used FITSPEC/SYNPHOT to search for the best-fit blackbody spectrum to the observed WD and LMD V(RI)c JH fluxes. We infer temperatures of T 1 = 18000 ± 5000K and Motivated by the amplitude and shape of these variations, we applied a light curve inversion technique (Lanza et al. 1998) to assess the location of the active region(s) responsible for the flaring (in the case of JD3) and the origin of surface brightness variations that could be responsible for the deviations of the JD2, JD5 and JD6 light curves from the model.
Data from JD1 and JD4 were not included in this analysis due to their incomplete orbital coverage.
We have implemented the entropy inversion procedure described by Lanza et al. (1998) , which has been successfully applied to data of active single M dwarf stars, in order to derive the position and number of spotted regions (Korhonen et al. 2007 ). Since the original description of the method concerns only single spherical stars, we included the tidal distortion of the surface of the M dwarf star of QS Vir. This allows our code to reproduce the model light curves of Fig.1 for a secondary star with uniform brightness.
We then modified the intensities of a grid of surface elements, searching for the brightness distribution that yields the best fit to the data. The procedure attempts to simultaneously minimize the reduced χ 2 of equation 2 and to maximize the entropy of the intensity grid (see Skilling 1987) in order to select the most featureless brightness distribution that fits the data. We must also keep in mind that the one-dimensional light curves do not provide information on the latitudinal position of spotted region and that, in this case, the entropy regularization algorithm tends to place structures at the center of the projected stellar disk.
We show the resulting model light curves of the inversion process as solid lines in . Furthermore, we notice that the brighter of the two spots is the one centered at phase φ ∼ 0.8 in JD5 and JD6 whereas for JD2 the brighter spot is the one centered at phase φ ∼ 0.25. Since the JD5 and JD6 data sets are not flux calibrated it is not possible to assess the correct flux level of the secondary star, which is essential for the fitting procedure.
Therefore, caution must be exercised when comparing the results of the analysis of the (Fig. 3, top) . (Fig. 4) . Their K velocities are presented in Table 3 .
The Hα line appears to have a more complex structure, presenting three distinct components. These components are also present in our Echelle spectrum of Fig. 5 . In Table 4 , we summarize the properties of the emission line components obtained after a The K velocity of the TiO band was measured by cross-correlating all spectra in the data set with a template spectrum to find the best-fit velocity displacement in each case.
As previously noticed by DOD03 and Kawka & Vennes (2005) , the spectral type of the template star affects the resulting RVs amplitudes and leads to systematic differences which are comparable to the internal errors of the fit. In order to avoid this, we have used the spectrum of QS Vir around mid-eclipse (φ= 0.034) as our template. At these phases only the secondary star contributes to the observed spectrum as the WD is eclipsed. This method has the advantage of avoiding the uncertainties associated to the choices of spectral type for the secondary star, and determine the amount of line broadening one has to apply to a slowly-rotating template star.
In addition to the selection of a correct template to correlate with the M star spectra,
we have noticed that the choice of the spectral window has a strong impact in the resulting measured values. Specially, the selection of narrow spectral windows results in systematically lower values for the estimated K 2 , while broader ranges results in larger values. We proceed implementing an iterative procedure that searches for the spectral range that minimizes the residue of the template spectra and spectra of the star corrected for the resulting radial velocity. This procedure results in K 2 = 256 ± 10 km/s with a wavelength range of λ = [6940
+20
−5 : 7250
+10
−20 ]Å. The uncertainty in the estimative of K 2 accounts for both the uncertainty in the fitting procedure and in the wavelength range selection.
Our resulting K 2 (= 256 ± 10 km/s) is consistent with the findings of DOD03, (K 2 = 266 ± 6 km/s) and Kawka et al. (2002, K 2 = 241±8 km/s). Adopting our inferred parameters (i, q, K 2 ; see Table 2 ) we find a binary solution with component masses of M 1 = 0.6 ± 0.3 M and M 2 = 0.3 ± 0.1 M . The computed binary parameters are listed in Table 2 .
For the two nights of our spectroscopic monitoring, we measured the EW of the full Hα line; the outcome is presented in Fig. 6 and the relevant measurements are presented in Table 5 . The four spectra of night 1 were taken around phase 0.1 and have EW of the full Hα line close to 6Å; this is similar to the Kawka et al. (2002) quiescent Hα EW of 5.6Å. This measurement should represent a constant "basal" coronal emission from the M star, indicative of its activity level. On night 2, the EW of the line is highly variable, reaching ∼-18Å and -8Å at phase 0.0 in two successive cycles. It is very likely that, at the second night of our observations, we observed a flare on the M star, with maximum strength at inferior conjunction of the star. The EW modulation is likely a combination of a projection effect (due to the rotation of the system) and flare evolution, decreasing its magnitude by almost 50% in the next cycle. Furthermore, the EW of the star declines to -6Å between phases 0.5 and 0.75 but returns to a value of -8Å at inferior conjunction. This abrupt "jump" of the EW value after phase 0.75 suggests that we either witness the end of the previous event or the beginning of a new one, best visible at phase 0.0. Taking the EW variation as an indication of the extent of the active region that is responsible for the observed activity, we assess that it should be centered at the back side of the M star. The EW measurements of the full Hα line are presented in Table 5 .
Doppler Imaging
An alternative representation of the emission line structure can be provided using Doppler tomography (DT) techniques. It uses the changes in line profile with binary phase to compute a map of the line emitting sources in a two-dimensional Doppler velocity space.
The technique assumes that (i) all points of the brightness distribution are equally visible at all phases; (ii) there are no intrinsic changes in brightness with binary phase; (iii) all movement is parallel to the orbital plane; (iv) all brightness sources are fixed in the rotating binary frame; and (v) the intrinsic width of the line profile is negligible (Marsh 2001) . We apply the maximum entropy code provided by Spruit (1998) to produce Doppler maps for Hα, Hβ, Hγ, Hδ and also for the Ca II H&K doublet. For a more detailed description of the code, see Spruit (1998) .
In order to make a direct comparison of our results with DOD03 we have made the same assumptions with respect to the geometrical position of the WD and the M star. Since DT does not take eclipses into account, spectra taken during eclipse were excluded from the image reconstruction procedure. The results for all emission lines are presented in Fig. 7 .
The most prominent feature in all Doppler maps is emission component centered on the secondary star. For the Hα line, this feature corresponds to our component #2 of the trailed spectrogram (Fig. 4) . Our Hα map also presents emission from inside the Roche lobe of the WD (this corresponds to our component #1). The increased emission present at the back side of the secondary is the structure responsible for the component #3 or "Hα 3 " of the deconvolved spectra (see Fig. 4 and Table 3 ). This indicates either that there is an additional source of emission at the back side of the M star, or that we observed the system when the M star was flaring, in agreement with our EW analysis conclusions of 
Discussion
It is challenging to pinpoint the source of origin and the mechanism for the various Hα emission line components. Component #1 is more intriguing, since it seems to change with time. Material inside the WD's Roche lobe was also present in the Doppler maps of DOD03 and was perceived as a persistent structure. Although the Doppler map of DOD03
and ours are similar 6 the location of the emission component originating inside the Roche lobe of the WD appears to be different. Since we have only one orbit of the binary (thus we can not assess orbital stability) this feature is either fading during our observations (therefore it is transient) or it has an anisotropic irradiation field and is seen preferentially at phase 0.25 compared to phase 0.75. An inspection of the trailed spectra of DOD03 (see their Fig. 15 ), reveals that the same structure is also much fainter close to φ ∼ 0.75 than φ ∼ 0.25. However their Doppler map was constructed using all the data from their spectroscopic observations (thus data from different epochs), which likely has smeared out any information about possible time evolution of the feature and/or its location in the WD Roche lobe at different times.
From our light curve models we derive a radius for the M star that is smaller than its Roche Lobe radius at the 2-σ confidence level (see Table 2 ). Therefore, accretion should not takes place through L1 as a result of standard Roche lobe overflow of the M star. At the same time, wind accretion is a possible scenario to explain material that lingers inside the Roche lobe of the WD, likely trapped by its gravitational potential. Active chromospheres -18 -of single M stars reach ∼1.1 stellar radii and are also easily blown up as a stellar wind (Donati et al. 2000) . There is some evidence that mass loss via stellar wind of early-type M stars is of the order of 10 −15 − 10 −14 M yr −1 (see Debes 2006 for a detailed discussion).
The low temperature of the WD, compared to CVs of the same orbital period (Szkody & Mateo 1986) , and lack of observational evidence for an accretion disc suggest that if there is accretion then it should be at a very low level. We conclude that a stellar wind should be the origin of the material inside the Roche lobe of the WD in QS Vir. Nevertheless, with such a lowṀ it is hard to believe that any shock or collision will actually form from that material, which was the interpretation of DOD03 for the features inside the WD Roche lobe, also observed in our Hα trailed spectrum and Doppler maps. Material outside the Roche lobe or inside the lobe of the WD cannot be in a stable orbital motion with the system unless it is kept there by some factor other than gravity. An interesting alternative could be a gas cloud locked with the M star by a magnetic prominence system, as has been reported by Donati et al. (2000) .
Using a light curve inversion method we assess the details in the brightness distribution of the M star at six epochs of asymmetric light curves (using data from DOD03 and Kawka et al. 2002) . In Figure 2 we present our results for the epochs of observations that have good orbital coverage, namely JD2, JD3, JD5 and JD6. In JD2, there are two bright active regions centered at φ ∼ 0.2 and φ ∼ 0.7, which seem to be shifted slightly in phase (∆φ ∼ 0.1) in JD3. The JD3 map, in turn, is dominated by a strong flare; which will be commented later. From the partial light curves of JD1 and JD4, we have indications that these activity locations are also present during those epochs of observations. Interestingly, active regions at approximately the same region appears in JD5 and JD6.
The stability of active regions with time prompts to the consistency of active longitudes in RS CVn and FK Comae systems. Korhonen et al. (2009) find that such stable active regions correspond to locations where magnetic flux tubes of opposite polarity emerge on the surface of the stars. Although similar high-resolution long-term data are not available for QS Vir, it will be interesting to investigate if such active regions evolve in latitudeas is suggested by the analysis of the JD5/JD6 data sets -in synchronism with activity cycles of the M star, or if such cycles have no effect on the location of the activity regions in QS Vir-type binaries. Possible implications on the level of magnetic braking in such systems (and consequently on the evolution of pre-CVs) remain to be determined.
At JD3 the flare appears during eclipse and disappears half a cycle later as the binary rotates. The flare is likely located between φ ∼ 0.2 and φ ∼ 0.4 (Fig. 2) , centered on φ ∼ 0.3. Furthermore, in our spectra, the EWs of the total Hα emission line indicate that a flare was also present during our spectroscopic observations. The EWs analysis place the our respective value is Hα/Hβ ∼ 14 for the equivalent structure, in agreement with this interpretation.
Summary and conclusions
The main results of our time-resolved photometry and optical spectroscopy can be summarized as follows:
• We provided light curve models of QS Vir, which (combined with the subsequent determination of K 2 ) constraining of the binary parameters. The size of the M star yields a distance to the system of 40 ± 5 pc. We also find that the M star radius is smaller than its Roche lobe radius at a 2-σ confidense level which, therefore, suggests that accretion does not take place via Roche lobe overflow in QS Vir. The main binary parameters results are summarized in Table 2 .
• Surface images of the M star were constructed and show four active regions with two different morphologies. There are two cool spotted regions 0.5 in phase apart and two hot active regions also 0.5 in phase apart. This configuration is persistent during a flare observed on the JD3 light curves and in the JD5/JD6 data. The different data sets JD1 to JD4 and JD5/JD6 are separated by ∼ 9 yrs. The spot responsible for the flare on the JD3 data is centered at φ 0.3 and occupies a sizable fraction of the star surface, with an azimuthal width of 90
• .
• Table 3 .
• Analysis of our time resolved spectroscopy and Doppler images of the Hα emission line argue against the interpretation of the structures seen on the WD side of the binary as a result of low level accretion stream shock. It is likely that it is a result of wind accretion onto the WD. If the material inside the Roche lobe of the WD is long-lived, we suggest that it can be held in place by a prominence-like magnetic loop in a manner similar to that observed on single active stars (see Korhonen et al. 2009 and references therein). Table 4 ). Table 2 . Model Parameters from the light curve fits and resulting binary parameters.
The radius of the the secondary star (r 2 ) and its volumetric radius (r LR , Eggleton 1983) are given in units of orbital separation. 
